Improvement of deformability for Mg-based composite materials with a dispersion of Ti particles has been considered in terms of the strain transfer through the interface, but is not fully understood during the deformation of ductile Ti particles. Mg-based composites composed of pure Mg and pure Ti plates was investigated to clarify the strain transfer through the Mg/Ti interface using crystallographic orientation analysis based on electron back-scattered diffraction (EBSD) patterns. It is suggested that the larger Schmid factor and lower residual strain energy (W) are significant for the operation of a prismatic slip system in the Ti grains.
Introduction
Recently, considerable attention has been paid to Mg alloys having high specific strength and recyclability, with consideration for the global environment and efficient energy utilization. However, there is a problem in that the processing of Mg at ambient temperature is quite difficult, because Mg has a hexagonal close-packed structure. The axial ratio (c=a) of Mg is smaller than the ideal value; therefore, it is difficult to activate both prismatic and pyramidal slip systems at ambient temperature, although it is easy to activate basal slip systems. Strain incompatibility in the grain boundary during deformation (e.g., rolling and forging) with a small number of slip systems causes intergranular fracture during the early period of deformation at ambient temperature; 1) therefore, casting is the conventionally used processing method.
This investigation focuses on Mg alloy composite materials with improved deformability and/or toughness. Improvement in the toughness of brittle materials such as intermetallic compounds can be achieved by the dispersion of ductile particles. 2) In order to apply such an approach to metal-metal composites, it is necessary to select a suitable dispersoid that deforms plastically with a stress level lower than the maximum strength of the matrix. If such dispersoids are present at Mg grain boundaries, they are expected to alleviate grain boundary stress concentration and prevent cracking. Also, the dispersoid should equilibrate with Mg without a large solid solubility or the formation of brittle intermetallic compounds. Although several researchers have attempted to fabricate Mg-based metal-metal composites, [3] [4] [5] [6] [7] Ti fulfills the dispersoid requirements, as shown in Fig. 1 , and the improvement of deformability for a Mg-based composite material with a dispersion of Ti particles has been reported. 8, 9) In addition, it was reported that for a Mg-based composite material with a non-uniform-distribution of 20 vol% Ti particles, cracks propagate mainly through the Mg matrix where the density of Ti particles is low. 10) Considering a previous result that shows good adhesion for the Mg/Ti, 10) this implies that the high degree of strain compatibility at the Mg/Ti interface will alleviate cracking near the Ti particles. However, the strain transfer through the interface during the deformation of ductile Ti particles is not fully understood. Therefore, in the present study, an orientation imaging microscopy (OIM) study was conducted with an electron back-scattered diffraction (EBSD) analysis to clarify the strain transfer through the Mg/Ti interface in a composite composed of pure Mg and Ti.
Experimental Procedures
A pure Ti ingot was rolled out to a thickness of 0.6 mm and annealed at 800 C for 3 hours in an evacuated silica tube. A pure Mg ingot of approximately 70 g was placed in a high purity graphite crucible and heated to the melting point of Mg using an induction heater under an Ar atmosphere. The Ti plate was immersed into the molten Mg, and the composite was immediately solidified in the crucible and processed into a suitable shape for the three-point bending test, as illustrated in Fig. 2 . The 10 Â 1:5 mm observation side of the test sample was mechanically polished with emery paper (#2000) and colloidal-silica (SiO 2 ). Three-point bending tests were conducted and a laser scanning confocal microscope (LSCM; type 1LM21H, Lasertech Inc.) was used for in-situ observation of the surface state and the deformation sequence was recorded using a video camera recorder. The EBSD method has been known to provide information on the crystallographic orientation in a larger area, compared with transmission electron microscope (TEM) observation; therefore, characteristic deformation behavior such as the formation of twins and misorientation of the crystal lattice by dislocation motion can be investigated by observing the deformed surface in the vicinity of the Mg/Ti interface. For such purposes, a field-emission scanning electron microscope (FE-SEM; JSM-6500, Jeol) was used with an acceleration voltage of 20 kV, and Kikuchi patterns were recorded with a CCD camera for the EBSD analysis using OIM ver4.5 (TSL Crystallography). Prior to the EBSD analysis, a cross section polisher (SM-09010, Jeol) was employed to polish both Mg and Ti, and Mg was electrochemically polished (electrolyte component; methanol : nitric acid ¼ 20 : 3) to finish the surface in order to obtain high quality EBSD patterns. Cross-section polishing, which is a method for polishing a wide-ranging sample section with argon ions, was applied for 6 hours at an acceleration voltage of 6.0 kV and an ion electric current of 132 A. Figure 3 shows the result of LSCM observation of a specimen after the bending test. The appearance of slip-traces and the occurrence of twin-reliefs on the surface of the Mg area near the location of the center pin were confirmed. Figure 4 shows the result of the crystallographic orientation analysis in the vicinity of the Mg/Ti interface, which corresponds to the analysis area indicated in Fig. 3 the Mg grain and the dark stripes in the square is about 86 , which means the dark stripes are {10 1 12} twin. It was also found that the {10 1 12} twin can be formed by the applied stress during the bending test. A magnified view of the center part of Fig. 4 is shown in Fig. 5 with the contrast improved. A gray-tone gradation can be recognized only in Ti grain A. EBSD analysis revealed that in Ti grain A the gray-tone gradation corresponds to the lattice misorientation of about 5
Results
. Such intra-grain misorientations have been used to understand the introduction of dislocations.
11) The {10 1 12} twins in the Mg grain reach the interface with Ti grain A, while no twins are observed near the interface with Ti grain B. No gray-tone gradation is found in the Mg area.
Discussion
Although the selection of a slip system is primarily controlled by the Schmid factor, the operation of deformation mechanisms near a grain boundary is also strongly affected by the strain compatibility.
11) Therefore, the difference in the twin formation behavior observed in Fig. 5 can be attributed to the strain compatibility at the Mg/Ti interface, as well as the difference in the magnitude of the Schmid factors for the slips in Ti grains A and B.
In the following discussion, all the strain components in both Mg and Ti, which are converted into an interfacial coordinate system shown in Fig. 5 , are employed to understand the strain compatibility at the interface, the x-y plane. Generally these strain components (" xx , " yy and " xy ) are utilized to understand the effect of the interface on the onset of deformation mechanisms, 12) or the selection of the variant of martensite. 13) If three strain components (" xx , " yy and " xy ), which are introduced by the deformation of grains near the interface, fulfill the following requirements, then the strain compatibility between Mg and Ti is maintained and no strain energy is introduced at the interface.
where superscripts M and T represent Mg and Ti, respectively.
The strain components can be estimated by taking the plastic deformation behavior analyzed by EBSD into account. In the Mg grain, twinning was confirmed by EBSD, and " M xx , " M yy and " M xy were calculated. On the other hand, a very small lattice misorientation was confirmed by the inverse pole figure of Ti grain A, while no evidence of lattice misorientation was obtained for Ti grain B. The lattice misorientation was too small to decide the slip system in Ti grain A. For both Ti grains A and B in the present study the Schmid factors for basal slips are almost the same with those for prismatic slip systems. However the CRSS for prismatic slip systems is much lower than that of basal slip systems at ambient temperature. 14, 15) Therefore, in the following discussion, it is assumed that the prismatic slip system is operated in Ti grains. However, it was found that neither prismatic nor basal slip systems in Ti grains fulfill eq. (1) for the present study. Hence, in the present study, in order to evaluate the degree of strain compatibility, the following expression was applied.
where W is the ''residual'' elastic strain energy at the grain boundary, introduced by the difference in the strain components of the Mg twin and Ti slips. E and G are the Young's modulus and shear modulus around a grain boundary, respectively. If each of the strain components for Mg and Ti is the same, W is zero and the interface has no effect on the deformation of both grains.
The engineering shear strain @ y @z for the {10 1 12} twin is À0:1299 for pure Mg (Fig. 6(a) ). The shear strain is generally defined as follows. Analysis of Strain Transfer through the Mg/Ti Interface Using Crystallographic Orientation Analysis
Hence, the strain matrix was described in the coordinate system 1 as follows. 
Similarly, the engineering shear strain
for the motion of a perfect dislocation along [11 2 20 ] with a size of the lattice constant, a, on the {10 1 10} prismatic plane of Ti is 1.154 ( Fig. 6(b) ). Then, the strain matrix can be defined in the coordinate system 2 as follows. 
M can be converted to M 0 in the interfacial coordinate system. The converted strain matrix M 0 is given by
where R is the coordinate transformation matrix and R t is a transpose of R. R is obtained using the pole figure of each grain.
The components of M 0 , " Table 1 . On the other hand, no limitation exists in the amount of the shear strain by the prismatic slip operation in Ti grains. Hence, eq. (6) for Ti prismatic slip systems is modified as follows.
where is the number of dislocation per glide plane ( ¼ 1 for the case in which one dislocation moves on every (10 1 10) plane) and is determined to minimize the ''residual'' elastic strain energy W. The results, " Table 1 .
The results of the estimation of the ''residual'' elastic strain energy W for three prismatic slip systems in the two Ti grains are shown in Table 2 in the order of the Schmid factor. Three equivalent prismatic slip systems are referred to as PSS (prismatic slip system) 1, 2, and 3. It was noted that as the ratios of E to G are almost the same for Mg (ratio ¼ 2:66) and Ti (ratio ¼ 2:86), the sum of the actual ''residual'' elastic strain energies in Mg and Ti at the Mg/Ti interface is expected to be proportional to the estimated value for W estimated using E and G of Ti or Mg. In this present study the Table 1 into eq. (2) .
Considering the results given in Table 2 , the value of W has significantly decreased, by the operation of PSS 1 in both Ti grains A and B, from the value of W 0 (¼ 111 MJ/m 3 ). This suggests that the PSS 1 is the preferred operation in both Ti grains A and B. However, the Schmid factor (Sf) of PSS 1 in Ti grain A is larger than that in Ti grain B. For the operation of PSS 1, the stress along x-axis during bending is primarily important. The deformation in Ti grain A is seemingly assisted by this stress, because it has a larger Schmid factor. On the other hand, in Ti grain B, the dislocation motion for PSS 1 is not expected, because of the lower Schmid factor, resulting in the lack of Mg twinning.
For further understanding, it is necessary to identify the slip system by optical and/or SEM observation of the slip trace lines or by TEM observation. Moreover, the calculation should be conducted by taking the influence of other slip systems and the difference of the thermal expansion coefficients of Mg and Ti into account.
Conclusion
In order to clarify the strain transfer through the Mg/Ti interface in a composite made of pure Mg and pure Ti, characteristic deformation behavior such as twin formation and crystal lattice misorientation by dislocation motion were investigated by observing the deformed surface in the vicinity of the Mg/Ti interface. It was found that twinning in the Mg grain is associated with dislocation motion in Ti grains. The estimation of ''residual'' elastic strain energy W at a grain boundary was conducted for the combination of the Mg twin and Ti prismatic slips, and it was found that the larger Schmid factor and the lower W are significant for the selection of the operation of the prismatic slip system in a Ti grain.
